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ABSTRACT

We investigate by molecular dynamics simulations the mobility of the water located at the DNA minor and major grooves. We employ the
TIP3P water model, and our system is analyzed for a range of temperatures 190-300 K. For high temperatures, the water at the grooves shows
an Arrhenius behavior similar to that observed in the bulk water. At lower temperatures, a departure from the bulk behavior is observed.
This slowing down in the dynamics is compared with the dynamics of the hydrogen of the DNA at the grooves and with the autocorrelation
functions of the water hydrogen bonds. Our results indicate that the hydrogen bonds of the water at the minor grooves are highly correlated,

which suggests that this is the mechanism for the slow dynamics at this high confinement.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100601

I. INTRODUCTION

Water is ubiquitous in nature. Notwithstanding the simplic-
ity of the molecule, water presents more than 70 anomalies in
the thermodynamic, dynamic, and structural behavior." One exam-
ple is the unusual high mobility of water at low temperatures
which increases under pressure.” This mobility becomes even more
unusual in nanoconfined environments’ where water violates the
macroscopic hydrodynamic equations by exhibiting superflow and
by not obeying the Stokes Einstein relation.” This discovery turns
nanoconfined systems into potential filters for desalination pro-
cesses.” !

Water also plays a key role in the dynamics of bioactive materi-
als such as polymers, proteins, and cells.'””'” The presence of water
at the surface of proteins enables these molecules to display several
conformations in addition to the lowest energy configurations. The
possibility of having these conformations allows the protein to per-
form activities that are fundamental for the existence of life. One
example of the relevance of water in biosystems is that dry proteins
are unable to perform these functionalities.

In addition to the effects water causes in other materials, water
properties are also affected by the presence of the macromolecules.
Water in the vicinity of hydrophobic and hydrophilic sites of the
protein exhibits a dynamical behavior which is quite distinct when
compared to bulk water.”””" Recently, experiments and simula-
tions with water at the GFP and CYP proteins showed that water
molecules at the biomolecule surface present a very slow dynamics
and they get stuck in some places, suggesting the presence of fractal
traps on the protein surface.”””’ In these systems, the water near the
protein exhibits a subdiffusive behavior in which the mean squared
displacement (MSD) of the molecules grows nonlinearly with time,
i.e., (r*(t))oc t*, in which < 1 for subdiffusion.”

Even though the slow dynamics at the protein surface is exper-
imentally observed, the quantitative evaluation of the subdiffusive
behavior is not trivial. The computational investigation of the diffu-
sive aspects of water in the hydration layer of biomolecules presents
major challenges since during the diffusion, the molecules may
leave the region that defines the layer of hydration, making it dif-
ficult to track water molecules at the contact layer. In addition, the
structure of the proteins displays a huge diversity, what makes it
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difficult to look for universality. This means that the mechanisms
which cause the peculiar diffusive behavior of hydration water might
depend on the specific nature of the protein and on the specific
region in the protein surface. In some cases, the slow dynamics
is due to the spatial limitations of the confining geometry, with
the surface acting as a fractal structure;”’ in other cases, the slow
mobility in the hydration water occurs due to the hydrogen bonds
whose strength and lifetime depends on the hydrophilicity of the
surface.”*”"!

The scientific literature has reported dynamical transitions on
hydration water of two types: a shift to higher temperatures of
the dynamic transition already expected for bulk water and new
dynamic crossovers due to the water-biomolecule interaction. One
example of the first case is the experimental results of Chen et al.””
which showed a water fragile-to-strong dynamic crossover simi-
lar to the transition expected for bulk water when the molecules
are confined to a biomolecule surface. One example of the sec-
ond type of transition was found by Gallo et al.”’ when they ana-
lyzed the relation between slow dynamics of hydration-water and
the dynamical transition of proteins. In particular, the authors pre-
sented how the MSD behaviors assume different regimes to specific
atoms in different places of trehalose aggregate, which suggest that
the crossovers emerge from the water-protein interaction. This type
of water-biomolecule dynamics was also observed in a number of
experimental” ™ and simulation”””""** works.

Considering the relevance of the study of water’s diffusive
behavior, as well as the challenges involved, it is important to under-
stand how much of the slow dynamics is due to the spatial limita-
tions for the water mobility and how much is due to the attraction
or repulsion of water to the surface. In the case of the proteins, these
two effects seem to be utterly mixed,””” but we do not know if
the combination of water and protein dynamics would be present
in other materials. Therefore, in order to test if the water dynam-
ics depends on the nature of the confining surface, we elected to
study the hydration water inside the DNA grooves. The water in
the grooves is under space constrictions, but the hydrophobicity in
principle plays a minor role.””*’

Experimental results show that the water at the minor and
major groove exhibits a quite distinct thermodynamic and dynamic
behavior when compared to bulk water." ™ These studies, how-
ever, did not provide the microscopic information necessary to
understand how water behaves in these grooves. With the advance-
ment of computational techniques, we can construct structures
of nucleic acids, such as hydrated DNA oligonucleotides, which
make possible a more detailed study to investigate the proper-
ties of water on DNA."™ In this paper, we analyze how the
TIP3P water model behaves inside the DNA minor and major DNA
grooves and how the mobility of the confined molecules differs
from the behavior in the bulk. We consider the water in the lig-
uid state down to temperatures well below the melting point of
liquid-solid, the supercooled water'®** which allow us to under-
stand how the large mobility of bulk water in this region of pres-
sure and low temperatures is affected by the confinement in the

grooves.
The manuscript is outlined as follows. In Sec. II, we describe
the simulations details, Sec. III presents the analysis of the results

including the computation of the radial distribution functions
and of the mean square displacements. We show how the water
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diffusion coefficient depends on the region. In Sec. IV, we present
the conclusions.

Il. SIMULATIONS DETAILS

We performed molecular dynamics (MD) simulations to
describe a DNA segment (oligonucleotide) immersed in water. We
constructed a B-DNA" structure of the Dickerson-Drew dodecamer
[d(CGCGAATTCGCG);] using the X3DNA program and converted
to AMBER (parmbsc0’) force field parameters in the GROMACS
package.”’ The dodecamer was solvated using 2.7 x 10* TIP3P water
molecules™ in a cubic box of side 6.4 nm, with periodic bound-
ary conditions. Since the DNA phosphate groups are negatively
charged, 22 sodium cations are added using the program genbox.
Since these ions were placed initially in a random distribution, a
short molecular dynamics was performed with the MD algorithm
in the vacuum, with the use of restraints, allowing the cations to
migrate to the vicinity of the phosphates. After this procedure, the
solvent molecules were added using the genbox program and a short
relaxation simulation was carried out.

The simulation was performed as follows. Initially, the system
was equilibrated with a 10 ns MD simulation with only the DNA
heavy atoms kept restrained. The production MD simulations were
performed in the NpT ensemble using the Berendsen thermostat,”
with time constant, 77, 0.5 ps and the Parrinello-Raman barostat,”
with a time constant, 7, of 2 ps, maintaining the pressure at 1
atmosphere. The electrostatic interactions were evaluated with the
Particle Mesh Ewald method.” We used an integration step At of
0.002 ps, and the coordinates of all the system’s atoms were recorded
in a trajectory file every 500 steps.

In order to investigate the structure and dynamics of water
located near the DNA grooves, we selected the solvent exposed
nitrogen, oxygen, and hydrogen atoms in DNA at the major and
minor grooves, and then using these atoms as a reference frame, we
followed the dynamics of the water near them. We choose the cou-
pling in the Berendsen thermostat with a time constant of 0.5 ps,
250 times the integration step, which is small enough to avoid tem-
perature drift and large enough to exert only a minor effect on the
dynamics. Indeed, this idea holds, according to Hiinenberger.”®

The Radial Distribution Function (RDF) gq,5(r) between two
atoms « and f§ was computed by

N 88— n)

P8 Viocal fea B 4nr?

glx,ﬁ(r) = < (1)

in which pg(r) is the density of atoms j3 at a distance r of atoms
«, and (pg)iocar is the average particle density of . We employ
the water-water and water-DNA radial distribution function at the
vicinity of the major and minor grooves to define which water
molecules belong to the hydration layer. This distance was used to
select the set of water molecules at the vicinity of the grooves. The
mobility of these water particles was evaluated by the mean square
displacement, namely,

{(r(1) =7(0))%) = ((Ar())"), 2

where r(0) is the position of the particles at the time zero, while r(t)
is the position at time t. The mobility of the particles was averaged
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over all the water molecules at the vicinity of the grooves. The MSD
vs time can be expressed in terms of a power of time as

((Ar(£))?) o< ¢, 3)

where y = 1 represents a diffusive or Fickian regime, while y < 1
and y > 1 correspond to subdiffusive and superdiffusive regimes,
respectively. When the water molecules at the grooves exhibit diffu-
sive regime, we calculated the diffusion coefficient, D, from the slope
of the plot of the MSD against time as follows:

2

where d is the dimension and (---) denotes an average over molecules
and time origins.

We also computed the number of water-water hydrogen bonds
in the vicinity of the grooves. This analysis was performed using
geometric criteria:” the existence of a hydrogen bond is considered
when the distance between the acceptor and donor atoms is equal
to or less than 0.35 nm and if the hydrogen-donor-acceptor angle is
between 0° and 30°. The number of hydrogen bonds was obtained
from the continuous autocorrelation™ *’ between the molecules i
and j

Yijsi(to)sij(t + to)
Zi,jsij(to)

where s; assumes a unit value when there is a hydrogen bond
between the i and j and zero in all other cases.

Cu(t) = )

lll. RESULTS AND ANALYSIS

First, we explain how we defined the hydration water. Figure 1
presents the radial distribution function of (a) water-water at the
bulk and water-DNA at the (b) minor and (c) major grooves. These
quantities allow us to estimate the distance defining the hydration
layer for each groove at each temperature. The comparison between
the first peaks at the radial distribution functions suggests that the
distance of 0.3 nm is a reasonable cutoff for considering water
molecules close to the grooves. Similar distances were observed for
the hydration layers of proteins.”*”’

Next, we selected the water near the DNA grooves using the
distance of 0.3 nm as the cutoff distance. The mobility of the water
molecules at the DNA grooves was measured for 10° ps, which
allows us to determine the MSD. Figure 2 compares the MSD of bulk
water with the MSD of water at the major and minor grooves for a
series of temperatures ranging from 190 to 300 K. At very low tem-
peratures, the water at the grooves exhibits a subdiffusive regime for
a short time window, <102 ps, with an exponent ¢ ~ 0.7 in the behav-
ior of the MSD in Eq. (3). Subdiffusive processes were reported in
several systems in which some type of confinement is present, such
as the diffusion of the nanoparticles in gels,” lipid membranes,””
and others.””* In this particular case, this represents a transient
regime which might be related to the caging effect. For longer times
and for higher temperatures, the MSD grows linearly with time with
¢ =1, a Fickian diffusion in Eq. (3).

Using Eq. (4) applied to the linear, Fickian regime, we deter-
mined the diffusion coefficients for water located at different regions
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FIG. 1. Radial distribution function for water-water in the (a) bulk, (b) minor, and
(c) major grooves at 300 K (red lines) and 200 K (blue lines).

of the DNA and for different temperatures ranging from 190 to
300 K. Then, Fig. 3 illustrates the diffusion coefficient vs inverse
of temperature (T™") for the water in the three scenarios: in bulk,
at the major, and at the minor grooves. The diffusion coefficient of
TIP3P bulk water in our system refers to the water inside the simula-
tion box containing also the DNA but not interacting with the DNA
grooves. Their values are very similar to the diffusion coefficients
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FIG. 2. Mean squared displacement (MSD) of water molecules in the (a) bulk,
(b) minor, and (c) major grooves, at different temperatures. Dark black filled
circles—190 K, black filled circles—200 K, gray filled circles—210 K, light gray
filled circles—220 K, dark blue filled circles—230 K, blue filled circles—240 K; light
blue filled circles—250 K, dark red filled circles—260 K, red filled circles—270
K, light red filled circles—280 K, small open pentagon—290 K, and large open
pentagon—300 K.

of bulk water in the absence of the DNA, which are higher than the
experimental values.””"" The behavior of the logarithm of D vs 1/T is
almost linear, what suggests a Arrhenius-type of dynamics. A depar-
ture from linearity, however, is observed at very low temperatures.
The absence of a bulk water dynamic transition for the TIP3P is not
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FIG. 3. (left axis) Diffusion coefficient vs the inverse of temperature for water in the
bulk (black pentagons), in the major (red squares), and in the minor (blue triangles)
grooves. (right axis) MSD of the hydrogen atoms of DNA-grooves at t = 8 x 102 ps.
The error bars for the MSDs (green lines and purple lines), estimated by computing
5 separate MSDs in various 10° ps blocks of the trajectories.

surprising since the anomalies of water for this model occur at very
low temperatures.”’

For the water in the grooves, Fig. 3 shows that there is a signifi-
cant breakdown from the linear behavior of In D vs T™" not observed
in the bulk.”” For the major grooves, the departure happens at
T ~ 250 K, while for the water at the minor groove, the breakdown
is observed at T ~ 270 K. This departure from D o e=*'T where A is
related to the activation energy is consistent with breakdown of Ein-
stein’s theory which requires a continuous distribution of particles.
In the case of the confined supercooled water, this approximation
is unrealistic since there are relevant interactions with the grooves
which make the system more structured.

The differences in the dynamics of water molecules in bulk,
minor-groove, and major-groove might be due to the geometrical
restrictions or to the water-surface interactions. In order to inves-
tigate which part of the water dynamics depends on the specific
interaction with the surface of the grooves, we analyzed the behav-
ior of the DNA hydrogen by means of the MSD. Figure 3 shows
the MSD of the hydrogen at the DNA minor and major grooves at
t =8 x 10% ps. The data show no dynamic transition but three regions
of a nonlinear behavior. The comparison between the MSD of the
DNA hydrogen and the diffusion of water confined in the grooves
seems to show no strong correlation; however, at low temperatures,
both the MSD and the diffusion are very low. Our results are con-
sistent with similar observations of the relation between the H-bond
lifetimes and the residence times of oxygen atoms of water in the
first solvation shell which are slower at the minor grooves when
compared to other regions.”’ "

In order to check how strong is the interaction of water in the
grooves at low temperatures, when the water dynamics becomes
slow and violates the Stokes-Einstein relation, we computed the
water-water hydrogen bond correlation functions. Figure 4 shows
the autocorrelation function (ACF) of H-bonds vs time, for water in
the bulk and in the vicinity of the minor and major grooves for all
studied temperatures. Figure 4 indicates that the water molecules at
the DNA grooves form H-bonds that are more stable than those in
the bulk. A similar result was also obtained by analyzing water on
the surface of the antifreeze protein.”” As the temperature increases,
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FIG. 4. Autocorrelation functions of water-water H-bonds Cy(t) in the (a) bulk,
(b) minor, and (c) major grooves for selected temperatures.

the lifetime of the H-bonds of water at the major grooves becomes
similar to the lifetime of the H-bonds of water in the bulk, but the
H-bonds of water at the minor grooves exhibit higher stability and
lower diffusion. Our results indicate that the mechanism behind
the slow dynamics is associated with stronger H-bonds between
supercooled water in grooves in relation with supercooled water in
bulk.
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IV. CONCLUSIONS

In this work, we investigated the differences in the TIP3P water
dynamics in three regions of the DNA-water solution: at the major
and minor grooves and in the bulk. Considering only the water
molecules that do not leave the DNA grooves, we show that at low
temperatures, the molecules in the minor and major grooves move
more slowly relative to bulk water. In addition, we observed that for
the diffusion coefficient for a bulk system, an Arrhenius behavior is
observed. However, for the water in the major groove, the depar-
ture from the linear behavior In D o 1/T is observed for T < 250 K,
while for the water in the minor groove, the breakdown is seen at
T <270 K.

In order to understand the mechanisms behind the anomalous
behavior of supercooled water, we calculated the autocorrelation
function of the H-bonds and we showed that the molecules inter-
act with a strong correlation with the minor and major grooves of
the DNA at low temperatures, which justifies the different behaviors
for water dynamics in the bulk and in the DNA grooves.
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